Passive Seismic Tomography is an exploration technique that has been successfully applied for years in solving difficult exploration problems. Exploiting local microseismic events as seismic sources and dense microseismic networks as receivers, this methodology comprises significant numbers of continuous records that have to be thoroughly examined, in order to extract all useful information. In this scope, an integrated technique was developed for the automated analysis of microseismic events. The specific strategy consists of a detection algorithm, which involves two different options, according to the quality of the recorded data, as well as an automatic picker, based on the statistical characteristics of the seismic signals. Both automatic detection and picking procedures are followed by corrections, based on the geometry of the seismic network, aiming in reducing detection's false alarm rate and avoiding false P-and S-arrival time estimations. The performance and effectiveness of the proposed methodology is evaluated using real seismic data, recorded during a passive seismic tomography survey in Delvina, SW Albania.
Introduction
Microseismic events, either naturally occurring or induced, have increasingly been used in exploration seismology at several applications ranging from passive seismic tomography surveys for hydrocarbon and geothermal exploration to reservoir monitoring. In such applications the greatest possible number of microseismic events is required in order to increase our knowledge of the subsurface. Although the processing and analysis of the seismic data is traditionally carried out manually by expert analysts, there are important reasons demanding the automation of the detection and phase arrival time estimation procedures. For instance, the vast volume of continuous data that are recorded daily by the seismic stations, in comparison with the limited number of seismic traces an analyst can handle per day, especially in the case of subsequent earthquakes, makes the manual picking procedure almost prohibitive in terms of time. Moreover, the subjective factor that enters the phase picking procedure, as different analysts may select different phase arrivals, or even the same analyst may estimate different picks on the same event at different times, leads to the need of automation of the specific procedures.
Thus, an integrated and robust strategy for the automated analysis of microseismic data is required, which will ensure the correct extraction of the useful seismic information from the recorded seismograms, as well as the accurate estimation of the seismic phases' onset time.
Methodology

A) Event Detection
For the solution of the seismic event detection problem, two different options are proposed depending on the quality of the seismic records.
i. Energy Based Algorithm
The first option provided by the proposed algorithm for solving the event detection problem is an improved STA/LTA detector which is recommended for high seismicity records. In particular, denoting with and the three data vectors corresponding to the vertical, north-south and east-west components of the seismic signal, the characteristic function that is selected for further processing is:
It is evident that the specific function uses information from all three components of the record, instead of only one (vertical) that the classical STA/LTA algorithm exploits and is subjected to energy criteria by means of two moving windows. Moreover, in order to declare a seismic event, their values ratio is compared to a dynamic threshold based on the statistical characteristics of the "ratio" sequence. Specifically, it is assumed that the useful information exhibits values that are above the critical value of , where is the standard deviation, while values under this threshold are attributed to seismic noise. The specific threshold value is refreshed at regular time intervals, in order to increase the detection rate and decrease the number of false alarms.
ii. Algorithm Based on Signal's Polarization Attributes in Time-Frequency Domain
The second option that the proposed strategy provides is based on the polarization attributes of seismic signals in time-frequency domain and is recommended for extremely noisy records (Lois et al, 2014) .
Initially, the 3C seismic record is filtered by a band-pass Butterworth filter, in a specific number of frequency subzones, corresponding to equal periods, according to the record's sampling rate. Moreover, the envelope function of the absolute values of each filtered signal, corresponding to each frequency subzone, is estimated. For each subzone, the differences of the aforementioned envelopes among the three components (vertical, north-south and east-west) are evaluated and three matrixes are formed D i , i = {vn, ne, ve}, representing the recorded polarization differences among the three components, in time-frequency domain.
In the next step of the proposed algorithm, these three matrixes D i , are subjected to a specific analysis in order to conclude to the desirable characteristic function which is used for the solution of the event detection problem. The choice of the specific characteristic function is based on the fact that it suppresses the noise under a constant level, enhancing the useful seismic information. The aforementioned algorithms constitute the processing tools used for single station analysis, in order to extract the desirable seismic information from the seismograms corresponding to each station. It is understood that a seismic event is declared when specific criteria are fulfilled at a sufficient number of stations. In the proposed methodology the declaration of a microseismic event is achieved using multi station analysis, based on the geometry of the installed seismic network.
In particular, the network is partitioned in a number of overlapping nested networks, each one containing adjacent stations. The criteria are not applied simultaneously on the entire network (classical approach), but on each nested network, ensuring that the stations having detected a "candidate" seismic event are located in a specific "neighborhood". In this way, the proposed approach significantly reduces the false alarm rate, since there is no possibility to declare a signal that has been detected in a specific time window, but has been identified by stations which are not nearby.
B) P-and S-phase arrival time estimation
Seismic phase onset time estimation is mainly based on the statistical characteristics of the detected signals. The first arrival of a seismic signal is evaluated using the fourth order zero lag cumulant, kurtosis, (Saragiotis et al, 2002) . The specific parameter is estimated on the seismic record, by means of an N-length moving window, using the estimator:
where x is the time series of the record, the mean value and the standard deviation of the record within the moving window. Kurtosis presents maxima in the neighborhood of the P-onset and the point that corresponds to the maximum slope of the kurtosis curve is assigned to the P-onset time. The S-arrival time estimation is achieved by following a time-domain technique, based on the statistical processing of a specific function, which is obtained by eigenvalue analysis on the three component seismic record (Lois et al., 2013) . The algebraic eigenvalue problem of the data covariance matrix is solved by means of a moving window, resulting to three sequences of eigenvalues λ 1 (t) > λ 2 (t) > λ 3 (t). The square root of the sequence corresponding to the maximum eigenvalue forms the characteristic function which is used for further processing:
The kurtosis criterion is applied on the sequence r(t) providing a first estimation for the S-onset time. Both P-and S-phase arrivals are objected to corrections which rely on the geometry of the installed seismic network and the expected mean values of seismic waves' velocity corresponding to the area under investigation. Thus, specific time intervals, where the picks have to be located, are provided by the algorithm, with respect to the locations of the stations and the expected mean Vp and Vp/Vs values. In other words, apart from pure signal analysis on the seismic records, the algorithm uses information concerning the network and the geology of the area of interest, in order to decrease the number of false picks. An example of the performance of the proposed methodology is depicted in figure 1. 
C) "Clean up" procedure
The above-mentioned methodology regarding the automated analysis of the seismic records results in a list of detected seismic events with their corresponding phases. It is understood that the specific list may include signals that do not correspond to seismic events. Thus, in parallel with the location procedure, an iterative technique is applied in order to remove false phase arrival times by investigating which of these phases do not fulfill specific criteria (e.g. residual estimations under a predefined value). Thereby, the algorithm is able to eliminate incorrect phases and remove false signals from the list, providing the best possible outcome regarding event location. Apparently, the final list containing the desirable seismic events, can be controlled by setting the appropriate criteria, which are related to the rms value or/and the epicentral distance from the nearest seismic station etc.
Application to a Passive Seismic Tomography survey data from the Delvina Gas Field
A two-phase Passive Seismic Tomography survey has successfully been completed in the Delvina Gas Field (SW Albania). The first phase consisted of a 50-station network, covering a 900km 2 area around the Delvina Gas field. After 11 months of recording, this phase resulted in a 2500 microseismic events dataset, 1860 of which were used for tomographic inversion. During the second phase, a 70-station network was deployed in a much smaller area, covering approximately 400km 2 . The totality of the exploited microseismic events was analyzed using manual procedures. Both phase networks are presented in figure 2. In order to check the contribution of the automatic analysis methodology to real data, part of this dataset was reanalyzed using the previously-described automatic procedures. In this scope, the microseismic events recorded during October 2011 have been extracted from the complete dataset. A total of 237 (7958 phases) local microseismic events that have been manually analyzed in the context of the Delvina Passive Seismic Tomography project (phase II) have been isolated. Simultaneously, the totality of the signals that were recorded during the same period by the installed microseismic network, were automatically processed. Seismic event detection was performed using the proposed energy-based algorithm, while after applying P-and Sphase picking, along with the cleanup procedure, a dataset of 547 (17529 phases) exploitable local events was acquired. Comparing the two datasets, it must be noted that 214 of those events are common in both datasets. Epicentral locations of common events are depicted in figure 3. It becomes obvious that they are both characterized by similar spatial distribution. These common events have been evaluated, in order to assess the quality of automatic analysis. In brief, the 214 microseismic events that have been automatically analyzed are characterized by a greater number of phases per event (approximately 41 phases per event analyzed automatically versus 36 phases per manually analyzed event), resulting in a total number of phases of 8770 for automatic analysis versus 7699 for manual. Moreover, automatic solutions errors are within acceptable limits, not being very far from those deriving of manual analysis. The mean RMS error of the solutions of an expert analyst for these events was 0.09, while the mean RMS that resulted from the automatic analysis algorithm was 0.14. In addition to that, the mean horizontal and vertical uncertainty of the automatic solutions was 0.52km and 0.72km respectively, while the same errors in the case of manual analysis were 0.37km and 0.44km. Taking into consideration the fact that the time needed for the manual analysis of the microseismic events by an expert analyst was significantly more than the time required for the automatic analysis, the acceptable difference in error margins, as well as the greater number of phases used for event location, the automated methodology seems to be much more efficient in terms of overall time and quality balance. Moreover, the automatic detection algorithm has resulted in a much greater dataset that consisted of more than double the events detected using the simple STA/LTA algorithm that had been applied during the Delvina Passive Seismic Tomography project. This has been achieved by the algorithm's improved detection rate, combined with a dramatic decrease in the number of false alarms. However, even though the automatically acquired dataset seemed to be adequately well resolved numerically, it also had to be tested for its coherence with the earth model prevailing the area of interest. In this scope, the 237 manually analyzed microseismic events that had been extracted from the complete dataset, as well as the 547 automatically located events, have been separately inverted using a revised version of the SIMULPS code (Evans et al., 1994) . The parameters used for the inversion were the same, in order to facilitate direct comparison of the results. The model grid size adopted was 2x2x2km in x,y and z respectively, while the initial model assumed was a 1D model, characteristic of the area of interest. The results acquired are presented in figure 4 . A cross-section was selectively extracted from the acquired 3D cube of Passive Seismic Tomography results. The selection was based on the location of one of the available geological cross-sections of the study area for comparison reasons. It must be noted here that information on the geological cross-section is based both on well information and on surface geology and was not used in any way a priori in order to affect the model. Observing the results acquired, it becomes obvious that both the model deriving from manual analysis and the model that was created using automatically analyzed data are coarser but similar in form with the final model. They both manage to delineate the major structures existing in the study area, with the automatic analysis model being slightly better in the details. This can be explained mainly due to the greater number (and better spatial distribution) of events that were detected and analyzed applying the automatic methodology.
Conclusions
By this work, a comprehensive methodology is proposed, dealing with the problems of event detection and phase arrival time estimation. Regarding the first one, two options are provided. An energy-based technique, which constitutes a fast improved version of the well known STA/LTA algorithm, and a new technique, which relies on the signal's polarization characteristics in time-frequency domain. The selection of the appropriate algorithm depends on the quality of the seismic records under examination. Concerning the automatic picking problem, the detected segments of the records are subjected to statistical analysis, along with corrections based on the geometry of the seismic network, in order to evaluate accurate phase arrival time estimations. The effectiveness of the above-mentioned strategy is confirmed by its application on real seismic data recorded during a passive seismic tomography survey in Delvina, SW Albania. The quality of the results acquired by tomographic inversion, as well as the time needed for the automatic procedure and the significantly larger number of phases picked, in comparison to the manual analysis, verify the contribution of the proposed algorithm in applications such as passive seismic tomography. Due to its efficiency and unbiased nature, the specific technique constitutes a useful tool for processing seismograms obtained by microseismic networks, minimizing the necessity for human intervention.
